Although the source-sink relationship for impulse propagation in cardiac tissues has been demonstrated in vitro, there has been no verification of this hypothesis in humans. Accordingly, eight patients undergoing surgical division of their accessory pathways were studied. A 56-channel (7 x 8) bipolar plaque electrode array was placed over the atrioventricular groove on the accessory pathway and atrial fibrillation electrically induced. 10 episodes of QRS transition from consecutively preexcited to nonpreexcited complexes were analyzed. This showed that consecutively preexcited QRS complexes were always associated with uniform large atrial wavefronts. Immediately prior to QRS transition, four general types of changes were observed: (a) premature invasion by secondary wavefronts creating local conduction block (n = 5); (b) wavefront collision leading to wavefront curvature (n = 2); (c) transition from a uniform large atrial wavefront to multiple fractionated small wavefronts (n = 1); and (d) uniform atrial wavefronts "marching" into the accessory pathway refractory period (n = 2). We conclude that local atrial wavefront characteristics are important factors influencing impulse propagation through the accessory pathway. The findings that local wavefront collision, curvature, or fractionation often precede loss of accessory pathway conduction support the notion that source-sink relationship is an important determinant of the safety factor for impulse propagation in the human heart. (J. Clin. Invest. 1995Invest. . 96:2284Invest. -2296
Introduction
Safety factor of impulse propagation in cardiac tissue depends on the interaction between the amount of current available up-stream (the source) and the structure which determines current density downstream (the sink). The importance of this sourcesink relationship in determining cardiac impulse propagation has been amply demonstrated in the in vitro preparations. For example, Mendez et al. (1) reported in the dog heart that the margin of safety for impulse propagation in the muscle to Purkinje direction is higher than in the opposite direction. The authors proposed that the Purkinje-muscle junction was a funnel like system whose narrow portion corresponded to a terminal Purkinje fiber and whose conical portion composed of increasing number of interconnected muscle fibers. The source-sink relationship of this funnel predicts that it is easier for an impulse to travel from muscle to Purkinje fibers than in the opposite direction. This funnel hypothesis was later applied to a model of preexcitation syndrome by de la Fuente and colleagues (2) , who studied the conduction between two pieces of canine atrial tissue connected by a narrow isthmus. The authors demonstrated that conduction block usually occurred at the junction where the small isthmus inserts into the larger piece of atrial tissue, where the source is small and the sink is large. Using a similar model, Cabo et al. (3) recently studied the importance of the source-sink relationship as a cause of conduction block. Narrow isthmuses were created in square pieces of isolated sheep epicardial muscle, and the propagation of impulses through these isthmuses were observed by an optical mapping system. The authors found that the width of the isthmus was important in determining the success or failure of impulse propagation. However, if the width of the isthmus was fixed, propagation through the isthmus was rate dependent. Faster pacing rates decreased the safety factor of propagation through the isthmus, while slower rates favored conduction. The authors proposed that this source-sink relationship may underlie the fundamental mechanisms of functional reentry, and was therefore clinically important.
While the source-sink relationship has been well studied in animal tissues in vitro, whether or not the same relationship is important in the manifestations of clinical arrhythmias remains undefined. One ideal model to test the source-sink relationship in humans is the preexcitation syndrome, where cardiac impulses naturally propagate from the atria to the ventricles via a narrow isthmus, the accessory pathway. During sinus rhythm or atrial fibrillation with antegrade accessory pathway conduction, the atrium serves as the source for the accessory pathway, which in turn acts as the source for the larger ventricle. We hypothesized that because the width of the accessory pathway is fixed, the source-sink relationship would predict that the propagation of atrial impulses through the accessory pathway into the ventricle is dependent on the characteristics of atrial wavefronts arriving at the accessory pathway. Specifically, slower and spatially more uniform atrial wavefronts, providing a larger source current, should favor accessory pathway conduc-tion. On the other hand, faster and spatially less uniform atrial wavefronts, providing a smaller source current, should favor conduction block. The purpose of this study was to examine the relation between local atrial wavefront characteristics and accessory pathway conduction during atrial fibrillation to test the source-sink hypothesis in humans.
Methods
The data in this study were acquired before the era of radiofrequency ablation, when surgical division of the accessory pathway was the standard method of treatment for patients with drug refractory preexcitation syndrome. Eight patients with at least one left free wall accessory pathways were studied during surgery. Informed consents were obtained in all patients in accordance with the institutional review board and all patients underwent routine pre-operative electrophysiological studies.
The surgical technique has been previously described (4) . Briefly, a median sternotomy was made and the heart was suspended in a pericardial cradle. Bipolar epicardial wires were placed in the atrium and the ventricle for programmed stimulation. A sock or band electrode array was placed over the atrioventricular groove and data were acquired and analyzed with a 64-channel Computerized Mapping System (Bard Electrophysiology, Tewksbury, MA). The sites of the earliest ventricular activation on the isochronal activation map were identified during atrial pacing with maximum preexcitation. The sites of the earliest atrial activation were identified during orthodromic reciprocating tachycardia or ventricular pacing.
Study protocol. Once the accessory pathway was localized, a research plaque electrode array was placed over the accessory pathway at the atrioventricular junction. This electrode array consisted of 40 (5 x 8) bipolar electrodes in one patient and 56 (7 x 8) bipolar electrodes in the remaining seven patients. The inter-electrode distance (distance between bipolar pairs) was 5 mm and the inter-polar distance was 0.5 mm. Atrial fibrillation was then induced with rapid atrial pacing. Simultaneous local atrial, accessory pathway, and ventricular activations were recorded with the electrode array using a filter setting of 30-300 Hz at a sampling rate of 1,000 per second. Simultaneous surface ECG were also recorded (leads I, II, III, AVR, AVL, AVF). Eight seconds of data were obtained and stored on a computer disk for later off-line analysis.
Data analysis. 10 episodes of QRS transition from consecutively preexcited to nonpreexcited morphology were analyzed to determine the mechanism(s) leading to loss of accessory pathway conduction. For each activation complex, the time of the greatest dv/dt was selected to be the time of local epicardial activation. Isochronal maps were drawn for each atrial wavefront arriving at the accessory pathway. Whether these wavefronts resulted in activation of the accessory pathway was determined by the following criteria and definitions:
Antegrade accessory pathway activation was judged to have occurred if the accessory pathway ventricular insertion site showed the earliest ventricular activation, followed by a centrifugal spread of activation from that point (Fig. 1, A and C) . In contrast, a non-preexcited beat with activation via the atrioventricular node and the His-Purkinje system would show distinctly different patterns of ventricular activation (Fig. 1 D) . An example of plaque recording in another patient with two accessory pathways is shown in Fig. 2 .
Ventricular insertion site of an accessory pathway was defined as the site of accessory pathway potential or, in its absence, the location of the earliest ventricular epicardial breakthrough during preexcitation (Fig. 1 A) . Atrial insertion site of an accessory pathway was the earliest atrial epicardial breakthrough during ventricular pacing (Fig. 1 B) or the atrial site closest to the ventricular insertion site. Activations at this site represent atrial inputs into the accessory pathway during atrial fibrillation.
A spatially uniform atrial wavefront is one which consists of a single large wavefront (Fig. 1 C) , in contrast to fractionated and curved wavefronts which approach the accessory pathway from multiple foci and with sharp curvatures (Fig. 1 D) . These are spatial characteristics of atrial wavefronts. Temporal characteristics were also analyzed to account for the "prematurity" of atrial wavefronts relative to the accessory pathway refractoriness. Because accessory pathway potentials were not consistently recorded, the exact time of accessory pathway activation could not be determined. However, it could be approximated either by the time of atrial wavefront arrival at the accessory pathway atrial insertion site, or by the time of earliest ventricular activation at the accessory pathway ventricular insertion site. Thus, two new variables were defined (Fig. 3) . A-A interval was the interval from the arrival time of the previous atrial wavefront that depolarized the accessory pathway to the arrival time of the index atrial wavefront. V-A interval was the interval from the time of previous local ventricular activation to the arrival time of the index atrial wavefront. Time intervals were taken at the atrial and ventricular accessory pathway insertion sites, respectively, to minimize time delay due to intra-atrial or intra-ventricular conduction. Although both variables were indices of the "prematurity" of the atrial wavefronts, the two differed by the conduction time of the accessory pathway. Note that A-A interval could not be determined for atrial wavefronts following nonpreexcited QRS complexes (Fig. 3, atrial 
Results
The clinical characteristics of the eight patients are listed in Table I . All patients had symptomatic and drug refractory preexcitation syndrome and had 1 (n = 6) or 2 (n = 2) accessory pathways. All accessory pathways conducted bidirectionally. 10 episodes of QRS transition from consecutively preexcited morphology to nonpreexcited morphology were identified in these patients.
The relation between atrial wavefront characteristics and accessory pathway conduction. In 8 of 10 episodes of QRS transition from consecutively preexcited to non-preexcited complexes, there were significant changes in atrial wavefront characteristics before loss of accessory pathway conduction. Uniform large atrial wavefronts were associated with atrioventricular conduction through the accessory pathway. Immediately prior to QRS transition, however, four general types of changes in atrial wavefronts were noted: (a) premature invasion by secondary wavefronts creating local conduction block with subsequent failure of impulse propagation through the accessory pathway (n = 5); (b) wavefront collision leading to curvature of wavefront propagation centering around an area of conduction block, with subsequent loss of accessory pathway conduction (n = 2); (c) uniform large atrial wavefronts undergoing a transition into multiple smaller wavefronts followed by loss of accessory pathway conduction (n = 1); and (d) uniform large atrial wavefronts appearing to "dissociate" from the ventricle and "marching" into the refractory period of the accessory pathway (n = 2).
Wavefront invasion. Fig. 4 No. 5 (arrow), followed shortly by loss of accessory pathway conduction. AP, accessory atrioventricular pathway.
In Fig. 1O A (patient 1), 1 of 18 fractionated wavefronts lead to accessory pathway conduction, compared to 3 of 7 uniform wavefronts (P = 0.05). Similar results were noted for two other patients. However, for patients 5 and 7, the number of atrial wavefronts analyzed were too small to reach statistical significance, but a trend was present. Note that at intervals above the horizontal bars (the shortest A-A interval that resulted in accessory pathway conduction), uniform wavefronts are more likely to conduct than fractionated ones (pooled data: 3 of 15 fractionated vs. 42 of 47 uniform wavefronts, P < 0.001). This suggests that at intervals beyond the accessory pathway refractoriness, success of conduction depends on spatial characteristics of atrial wavefronts. Similar conclusions were reached analyzing V-A intervals. In patient 1, Fig. 10 B, 2 of 57 fractionated wavefronts lead to accessory pathway conduction, compared to 5 of 19 uniform wavefronts (P = 0.009). The differ- 1 2 3 4 5 6 7 8 ence was significant for two other patients. Note again that beyond the accessory pathway refractoriness (horizontal bars), many fractionated wavefronts failed to preexcite the ventricle, whereas most uniform wavefronts did (pooled data: 5 of 34 fractionated vs. 49 of 66 uniform wavefronts, P < 0.001).
Discussion
Atrial wavefront characteristics and accessory pathway conduction. In this study, we found that both spatial and temporal characteristics of atrial wavefronts during atrial fibrillation are important determinants of accessory pathway conduction. By analyzing atrial activation patterns during QRS transition from consecutively preexcited to nonpreexcited complexes, one can readily demonstrate factors contributing to loss of accessory pathway conduction during atrial fibrillation. In all patients, uniform large atrial wavefronts consistently activated the accessory pathway, provided that they did not arrive within the refractory period of the accessory pathway. Premature invasion by impulses from a different direction with resultant wavefront collision, wavefront curvature, and wavefront breakup were associated with loss of accessory pathway conduction. These findings support the hypothesis that the source-sink relationship is an important factor in determining impulse propagation through the accessory pathway during atrial fibrillation.
Source-sink hypothesis. In patients with the preexcitation syndrome, the atrium serves as the source for a smaller sink, the accessory pathway, which in turn acts as a source for a larger sink, the ventricular myocardium. During atrial fibrillation, atrial activation wavefronts with varying amount of electrotonic current arrive at the accessory pathway at irregular intervals. Experimental studies by de la Fuente (2) and Cabo (3) suggest that variation in the quality of atrial input into the accessory pathway can affect its output at the ventricular insertion site, which ultimately determines ventricular preexcitation. As shown by de la Fuente et al. (2) in an in vitro model of the preexcitation syndrome, when impulses from one end of a narrow isthmus propagating across the isthmus failed to excite the other end (e.g., with rapid pacing or hyperkalemia), conduction block consistently occurred just distal to the junction where the small isthmus inserts into a larger piece of tissue. Abbreviated action potential duration was recorded at this junction, just proximal to the site of conduction block. This junction is analogous to the one where an accessory pathway inserts into the ventricle. Curved or fractionated atrial input into the accessory pathway, a poor source, may result in abbreviated action potential duration at the ventricular insertion site. Because the source-sink relationship predicts that success of ventricular preexcitation depends critically on the source at the ventricular insertion site, it follows that it also depends critically on the atrial input into the accessory pathway.
Wavefront collision and decreased safety factorfor impulse propagation. Using segments of canine Purkinje fibers, Cranefield and Hoffman (6) demonstrated inhibition of impulse propagation at the center of the segment when wavefronts initiated from either end collided at the center. Other investigators have shown in canine ventricular muscle preparations abbreviated action potentials at the sites of wavefront collision (7, 8) . The source-sink hypothesis would predict that at the sites of wavefront collision, fractionation of wavefronts with resultant shortened action potential duration and loss of electrotonic current would lead to decreased safety factor for impulse propagation. This is supported by previous in vitro data (6) and by our demonstration of two wavefronts colliding and inhibiting each other with resultant loss of accessory pathway conduction (patient 1, Fig. 6 ).
Wavefront curvature. Collision of wavefronts may also result in local conduction block and shifting of wavefront direction and curvature (Fig. 7) . In the spiral wave model of excitation, which is generic to many excitable media (9) , the velocity of wavefront propagation depends on its curvature (9, 10) . The sharper the curvature, the lower the velocity, until a minimum radius is reached and wavefront propagation can no longer sustain (3, 11) . These data are consistent with the source-sink hypothesis in that as the curvature of a wavefront increases, a larger sink and a smaller source are generated as the result of the curvature. Lower source-sink ratio leads to lower safety factor for impulse propagation. Our findings in patient 5 (Fig.  7) demonstrated an association between wavefront curvature and loss of accessory pathway conduction and is compatible with the notion that increased curvature decreases the safety factor of impulse propagation (3). An additional observation in this patient was that the spatial geometry of wavefront curvature resembles that of a spiral wave of reentry, in which collision of wavefronts leads to curvature of wavefront propagation (10) . Unfortunately, the plaque did not record the entire circuit of reentry to make a conclusive statement about the exact mechanism.
Wavefront summation. In addition to inhibition, summation of impulses has been described. Cranefield and Hoffman (6) using a segment of canine Purkinje fibers demonstrated that impulse propagation can occur at the center of a segment into an extension when the segment was stimulated simultaneously from both ends, whereas this propagation did not occur when either end was stimulated alone. The findings in patient 1 (Fig.  6 2) are consistent with summation. The previous in vitro data and our observations are readily explicable by the source-sink hypothesis. Critically timed arrival of two wavefronts may increase the current of the "source" and favor impulse propagation. How timing and relative direction of the two wavefronts determine whether summation or inhibition occurs is not known and should be the subject of future studies.
Wavefront breakup. In patient 2, spontaneous fractionation of atrial wavefronts near the accessory pathway was associated with loss of accessory pathway conduction and QRS transition (Fig. 8) . Spontaneous breakup of spiral waves of reentrant excitation has been demonstrated in chemical reaction medium (9) . This is intrinsic to spiral waves of excitation and occurs without external interferences (9) . Depolarizing electrochemical energy would be expected to dissipate when wavefront fractionation occurs. This lowers the source-sink ratio and therefore the safety factor for propagation. An alternative explanation is that fractionated atrial electrograms, representing multiple small wavelets, may repetitively invade the accessory pathway and render it non-excitable by subsequent wavefronts (concealed conduction).
Antegrade concealed conduction. Inhibition of accessory pathway conduction during invasion or collision of wavefronts may represent a form of concealed conduction. It is possible that wavefronts that failed to activate the accessory pathway may have partially invaded the pathway, preventing subsequent excitation. Concealed antegrade conduction into the accessory pathway has been demonstrated with the atrial extrastimulus techniques during sinus rhythm, and has been proposed to explain the irregular pattern of preexcitation during atrial fibrillation (12, 13) . However, concealed conduction during atrial fibrillation has not been shown. Our data showed that invasion by atrial wavefronts of low safety factor often resulted in subsequent loss of accessory pathway conduction and QRS transition (Figs. 4, 5, 6 , and 8). These phenomena can be readily explained by the source-sink hypothesis. A wavefront with concealed conduction into the accessory pathway would render it relatively refractory. The next wavefront would then encounter partially refractory tissues and not be able to bring the accessory pathway to full excitation. The diminished output from this "source" would not be able to excite the larger sink, the ventricle, given the unfavorable geometry at the ventricular insertion site of the accessory pathway.
Retrograde conduction and concealed conduction. Theoretically, both retrograde conduction and retrograde concealed conduction may occur from the ventricles to the fibrillating atria via the accessory pathway, which may interfere with subsequent antegrade conduction from the atria to the ventricles. Retrograde concealed conduction in the preexcitation syndrome has been demonstrated using the extrastimulus techniques during sinus rhythm (12) (13) (14) (15) , and its role during atrial fibrillation has also been inferred (16 Our data also showed an episode of retrograde invasion of the atrium during atrial fibrillation by wavefronts originating from atrioventricular node conduction (Fig. 5, panel 12) , inhibiting accessory pathway activation by subsequent atrial wavefronts (Fig. 5, panel 13) . This added atrial input may complicate the patterns of activation during atrial fibrillation, contributing to the maintenance of this arrhythmia. These findings confirmed a role of retrograde overt and concealed conduction in maintaining consecutively non-preexcited QRS complexes during atrial fibrillation ( 16) , and may partially explain the prevention of sustained atrial fibrillation after successful surgical ablation of the accessory pathways (17, 18) . Further studies on how new atrial wavefronts may be generated by retrograde conduction during atrial fibrillation may improve our understanding on how human atrial fibrillation is generated and maintained.
The importance of the accessory pathway effective refractory period. Wellens et al. ( 19) demonstrated a strong relationship between accessory pathway refractory period and the shortest RR interval during atrial fibrillation. One might expect that transition of QRS morphology may be due to the arrival of an atrial wavefront within the refractory period of the accessory pathway, allowing time for conduction through the atrioventricular node to occur. However, this was the case in only two episodes of QRS transition. In these cases, the timing of atrial input appeared to "dissociate" from the ventricle and "march" into the accessory pathway refractory period with resultant loss of preexcitation (Fig. 9) . Although the accessory pathway refractory period is an important determinant of accessory pathway conduction, it does not explain most episodes of accessory pathway conduction block among those patients studied (Fig.  10) . In the majority of cases, changes in spatial characteristics of atrial wavefronts which lowered the source-sink ratio preceded the loss of accessory pathway conduction. It is worth mentioning that the refractory period is not a consideration of propagation properties, but of repolarization properties. Furthermore, our data primarily support the importance of the source current in determining wavefront propagation. The conduction properties of the sink (the accessory pathway and the ventricle) cannot be determined from our data and does not emerge as an important factor.
Implications. Atrial fibrillation remains an important cardiovascular problem (20) . Although functional reentry is believed to underlie atrial fibrillation, the exact mechanism for its genesis and maintenance remains unclear. Mapping of human atrial fibrillation demonstrated the presence of multiple reentrant wavefronts (5, 21 ). Our study is compatible with these findings. In addition, we showed that safety factor for wavefront propagation in humans depends on the characteristics of the source wavefront. Wavefront curvature, breakup, and collision in the atrium resulted in a lower safety factor for impulse propagation through the accessory pathway. A broader implication of these findings is that, because the source-sink relationship is important in determining the safety factor for impulse propagation, it follows that wavefront curvature may play an important role in the propagation of cardiac impulses (3) and contribute to the generation and maintenance of functional reentry in humans.
Limitations. Due to the limited resolution of our mapping system, the presence of fat in the atrioventricular groove, and the absence of endocardial recording, accessory pathway potentials were not consistently recorded. Therefore, the exact site of conduction block among atrial wavefronts that failed to activate the accessory pathway cannot be determined. It is possible that conduction block occurred at the accessory pathway atrial insertion site, ventricular insertion site, or within the pathway itself.
However, this limitation would not affect the main conclusion of this study, that local atrial wavefront characteristics are important factors influencing impulse propagation from the atria to the ventricles via the accessory pathway. Because of limited view of the recording electrode array, wavefronts originating from outside the mapping area could not be seen and their effects on accessory pathway conduction could not be determined. Also, simultaneous recording of atrial wavefronts at the atrioventricular node was not performed and their roles in the transition of QRS morphology could not be assessed. Conclusion. We have demonstrated that the safety factor for impulse propagation during atrial fibrillation depends on the wavefront characteristics. In the in situ human heart, spatially uniform atrial wavefronts are more likely to result in accessory pathway activation while invasion by secondary wavefronts often results in collision and marked curvature or fractionation of wavefronts. This leads to subsequent loss of accessory pathway conduction. These observations are consistent with the sourcesink hypothesis on the safety factor for impulse propagation in the human heart.
